Lipid formulations of amphotericin B, rather than conventional amphotericin (c-amB), are increasingly used despite limited data comparing these preparations in children. Data on the incidence of adverse effects with amphotericin B at standard doses are scarce. This study aimed to compare the adverse effects associated with standard doses of c-amB and liposomal amphotericin (l-amB) in children.
Introduction
The prevalence of invasive fungal infections has increased worldwide due to advances in cancer therapies, increasing numbers of hematopoietic stem cell transplantations and broad-spectrum antimicrobial use [1] [2] [3] . Amphotericin B is a broad-spectrum polyene antifungal agent, which is used as first-line treatment for suspected fungal infections in both children and adults. The routine use of lipid formulations of amphotericin B (amphotericin B colloidal dispersion, amphotericin B lipid complex and liposomal amphotericin [l-amB]) rather than conventional amphotericin B (c-amB, amphotericin deoxycholate) is now common. This is largely due to studies, predominantly in adults, that show a higher rate of adverse effects, including infusion-related reactions, nephrotoxicity and hepatotoxicity, associated with the conventional preparation [4, 5] . However, the higher cost of lipid formulations of amphotericin B means they may not be available in some settings [6] [7] [8] .
A systematic review comparing the use of conventional and lipid formulations of amphotericin B in children highlighted the scarcity of studies in children [9] . Theoretically, children are at lower risk of adverse effects from c-amB than adults as they have increased drug clearance and a smaller volume of distribution resulting in lower plasma levels [10] . There are few studies investigating the risk of adverse effects when amphotericin B is administered optimally.
This study aimed to compare the adverse effects (infusionrelated reactions, nephrotoxicity [glomerulotoxicity and tubulopathy] and hepatotoxicity) associated with conventional and liposomal preparations of amphotericin B in children when administered at a correct dose and infused over the recommended duration.
Materials and methods
All patients who received treatment with c-amB (Fungizone  ® ) or l-amB (Ambisome ® ) at the Royal Children's Hospital Melbourne (RCH) over a 45-month period (January 2010-September 2013) were eligible for inclusion. The RCH is a tertiary paediatric referral hospital with a 34-bed oncology unit, 24-bed intensive care unit and 34-bed neonatal intensive care unit. Only the first episode of treatment with amphotericin B for each patient was included in the analysis. Patients with underlying renal disease before treatment with amphotericin B were excluded. The study was approved by the local Human Research Ethics Committee (No. 33092).
The following data were extracted retrospectively from detailed review of medical records: patient demographics, underlying diagnoses, indication for treatment, adverse reactions, concomitant nephrotoxic drugs, antifungal treatment regimen and reason for discontinuation. All documented symptoms and signs of an infusion-related reaction were also collected.
Results of relevant microbiological and biochemical investigations, including liver function tests at baseline and end of treatment, were also recorded. For assessment of glomerulotoxicity, baseline and peak creatinine levels as well as numbers of days to normalization of creatinine were collected. Serum creatinine is determined by enzymatic method at our laboratory. Glomerulotoxicity was defined as doubling of the baseline serum creatinine level. For comparison of the severity of hypokalaemia between the two formulations, the maximum daily requirement of potassium (mmol kg À1 d À1 ) was also collected. Hepatotoxicity was defined as per the common terminology criteria for adverse events (CTCAE) [11] . Adverse effects of amphotericin B are influenced by both dose and the rate of administration. Therefore, to exclude cases of toxicity due to prescription or administration errors, a separate analysis was done that included only the subset of patients who had 'standard amphotericin B administration' (defined as the manufacturer's recommended dosage infused over an appropriate duration, i.e. c-amB 0.5-1.5 mg kg
À1
infused over at least 4 h [12] and l-amB 3-5 mg kg À1 infused over at least 1 h [13] ). Fisher's exact test was used to compare the proportion of patients in each treatment arm who had adverse effects (infusion-related reactions, nephrotoxicity, hepatotoxicity) or had additional therapies (i.e., concomitant nephrotoxic drugs or supplementary potassium). The median of the maximum potassium requirement was compared between those who received c-amB and l-amB using Bonnett-Price confidence intervals and the distribution of maximum potassium requirements in these two groups was compared using the Mann-Whitney test. We investigated whether the effect of amphotericin formulation on hepatotoxicity was modified by the use of concomitant drugs (dichotomized as no drugs and one or more agents). This relationship was adjusted for age (dichotomized as 90 days or older and less than 90 days).
Results
A total of 115 patients received amphotericin B during the study period. The majority of patients were male (72/115, 62.6%). The median age at time of treatment was 5.7 years (range 5 days-19.3 years). At the start of treatment, 19/115 (16.5%) patients were aged less than 90 days. Of these infants, the most common underlying conditions were prematurity (8/19, 42 .1%), cardiac disease (6/19, 31.6%), respiratory disease (6/19, 31/6%) and necrotizing enterocolitis (6/19, 31.6%). Among the 96 children aged 90 days or more, the most common underlying conditions were haematological malignancy (50/96, 52.1%), hematopoietic stem cell transplant (20/96, 20 .8%) and gastrointestinal disease (10/96, 10.4%) ( Table 1 ). There were six patients who ceased treatment due to death or palliation. Invasive fungal disease was a cause of death in two of these patients (both received l-amB).
Of ) and 33 (84.6%) had this dose infused over the recommended duration of 1 h or longer (Table 2) .
In the 89 patients who had standard amphotericin B administration, there was no difference in the rate of infusion-related reactions in those who received c-amB compared to those who received l-amB [13/56 (23.2%) vs. 3/33 (9.1%); P = 0.15]. All infusion-related reactions occurred in children older than 90 days. The most frequent symptoms of an infusion-related reaction were rigors (9/16, 56.3%), fever (7/16, 43.8%), tachycardia (5/16, 31.3%) and rash (4/16, 25.0%). Other features included dyspnoea, hypotension, nausea, vomiting, headache, flushing and there were single instances of orbital swelling, formication and hypertension. There was no significant difference in the rate of infusion-related reactions between those who received an infusion of 1.0 mg kg À1 d À1 c-amB at the recommended rate (at least 4 h) and those who received it at a faster rate [13/40 (32.5%) vs. 4/12 (33.3%), P = 1.00]. Amphotericin-related glomerulotoxicity occurred in 8/56 (14.3%) of patients on c-amB and 7/33 (21.2%) on l-amB (P = 0.40). All eight patients who received c-amB and developed toxicity were also receiving one or two concomitant drugs. Three of the seven patients who received l-amB and developed glomerulotoxicity were taking one or two concomitant nephrotoxic drugs and four patients were taking four or five other nephrotoxic drugs. The mean number of concomitant nephrotoxic drugs received was higher for those on l-amB than c-amB (2.5 vs. 2.0). One patient (1/8, 12.5%) Table 1 Underlying diagnoses and indication for amphotericin B treatment on c-amB and two patients (2/7, 28.6%) on l-amB had also recently received nephrotoxic chemotherapy. In this subset, 10/15 (66.7%) patients had an underlying haematological malignancy.
Of the 89 patients with standard amphotericin B administration, 16/56 (28.6%) on c-amB and 7/33 (21.2%) had hypokalaemia at the end of amphotericin B treatment. The majority of patients had grade I or II hypokalaemia (14/16, 87.5% c-amB vs. 5/7, 71.4% l-amB) and the remainder had grade III hypokalaemia. No patients had grade IV hypokalaemia. Potassium replacement therapy was given in 50/56 (89.3%) of those on c-amB and 29/33 (87.9%) on l-amb (P = 1.00). Only one of these patients who was receiving l-amB required intensive care admission for the management of hypokalaemia. For those patients aged less than 90 days, 7/8 (87.5%) receiving c-amB required potassium replacement therapy compared to 8/8 (100.0%) receiving l-amB (P = 1.00). There was no significant difference in the median of the maximum potassium requirements for the c-amB and l-amB groups (3.1 vs. 2.3 mmol kg À1 d À1 , P = 0.29). The distribution of maximum potassium requirements between the two groups was also similar (P = 0.99). Sixty-five patients with standard drug administration had liver function test (LFT) results available at both baseline and There was no significant difference in the underlying diagnoses of those patients who developed hepatotoxicity when amphotericin B was administered at standard doses. Six patients had underlying diagnoses that specifically predisposed to increased hepatotoxicity. These included liver transplant (n = 4), hepatoblastoma and cystic fibrosis (n = 1 for each). Three of these patients received c-amB and the other three received l-amB. The median number of hepatotoxic medications was zero (range 0-4) in those patients receiving a standard dose of amphotericin B.
Amphotericin B treatment was discontinued in a higher proportion of patients receiving c-amB than in those receiving l-amB [12/56 (21.4%) vs. 6/33 (18.2%); P = 0.79]. Of the patients who discontinued c-amB treatment due to drug toxicity, 8/12 (66.7%) ceased due to infusion-related reactions alone, 2/12 (16.7%) due to renal impairment and 2/12 (16.7%) due to a combination of both infusion reactions and renal impairment. In the c-amB group, two additional patients discontinued treatment due to limited intravenous line space. Of the six patients who discontinued l-amB treatment, five (83.3%) stopped due to renal impairment and one (16.7%) stopped due to an infusion-related reaction. No patients discontinued treatment due to hepatotoxicity. Of the 12 patients who discontinued due to other drug-related side effects (infusion-related reactions, renal impairment), eight also had hepatotoxicity (n = 4 for both c-amB and l-amB). All but one of these patients had abnormal baseline LFTs. Of note, the four patients on l-amB with hepatotoxicity had only mild liver enzyme derangements, while 3/4 patients on c-amB had high-grade hepatotoxicity.
There was no significant difference in discontinuation between those with standard and non-standard administration.
Discussion
This is one of the largest studies comparing adverse effects associated with liposomal and conventional preparations of amphotericin B in children. Several international guidelines have changed to recommend lipid formulations over c-amB for paediatric patients beyond the neonatal age group due to potential adverse effects [9, [14] [15] [16] . This shift in clinical practice is largely based on evidence from studies in adults. Systematic reviews have highlighted the absence of randomized controlled trials directly comparing these different formulations of amphotericin B in children [6, 9, 17] . This limits the ability to draw firm conclusions about the true incidence of toxicity with these preparations in children. Pharmacoeconomic factors continue to drive the imperative to investigate the use of c-amB in the paediatric population. The cost of lipid formulations ranges from 10 to 230 times higher than c-amB [6, 8] . Cost-effective use of medications is important in all settings and the unnecessary use of costly preparations represents wasted expenditure of limited drug budgets. The expense of liposomal preparations of amphotericin B has a particular impact on drug accessibility in low socioeconomic countries [6, 8] .
The unique pharmacokinetic profile of c-amB in children is likely to reduce the risk of amphotericin-related toxicity. In addition, there are various strategies relating to drug administration that can reduce the risk of adverse effects. These include sodium pre-infusion, routine premedication with an antihistamine and antipyretic, rationalizing concomitant nephrotoxic drugs and administration of c-amB as an extended or continuous infusion [6, [18] [19] [20] . The routine use of these strategies when administering c-amB is not included in any guideline and was not standard practice at our institution during the study period. Our finding that over one-quarter of children who received c-amB did not have 'standard administration' reflects the suboptimal use of c-amB. This issue is also highlighted in a recent Cochrane review comparing lipid formulations to c-amB in which the authors refrained from drawing conclusions due to the scarcity of studies in which c-amB was administered under optimal conditions [21] . Our study is the first to investigate adverse effects in the subset in whom c-amB and l-amB were administered at a standard dose and infusion time.
In our study, nephrotoxicity was defined as a doubling of serum creatinine, which is equivalent to CTCAE grade II creatinine elevation. This definition was chosen to enable comparison with other studies (both adult and paediatric), as it is the most frequently used. However, the relevance of doubling serum creatinine in children is unclear. Notably, the creatinine may double but remain in the 'normal' range for age. While many children may tolerate the renal adverse effects of amphotericin B better than adults due to increased nephronal reserve, there are individuals with multiple comorbidities on multiple nephrotoxic drugs for whom a smaller change in creatinine may be clinically significant [9] .
The overall rates of glomerulotoxicity observed in our study are consistent with other studies in which rates between 15% and 58% have been reported [6] . A key finding of our study was that when controlled for optimal drug administration, there was no significant difference in the rate of glomerulotoxicity in those treated with l-amB (21.2%) compared with c-amB (14.3%). This finding may be attributable to the high number of concomitant nephrotoxic drugs in those who received l-amB. As no patients in the c-amB arm received more than two concomitant nephrotoxic drugs, it was not possible to assess the effect of increasing numbers of nephrotoxic drugs on the risk of glomerulotoxicity associated with c-amB.
The similar incidence of infusion-related reactions seen with c-amB and l-amB contrasts with previous paediatric and adult studies. Although previous reports suggest that infusionrelated reactions occur more frequently with c-amB, the comparable frequency of infusion-related reactions between the two amphotericin B formulations in our study could be attributable to the analysis including only those patients with standard drug administration [4-6, 9, 22] . Notably, infusionrelated reactions have not been reported in patients under the age of 90 days. The mechanism of infusion-related reactions with c-amB has been attributed to signalling through toll-like receptor 2 and the innate immune inflammatory cascade. This is attenuated by lipid formulations which instead trigger tolllike receptor 4 reactions [4] . The absence of this phenomenon in the neonatal population may relate to immaturity of the immune system.
Hypokalaemia is a manifestation of distal tubulopathy and is caused by both conventional and lipid formulations. Randomized controlled trials and meta-analyses have reported no significant difference in the frequency of hypokalaemia between c-amB and l-amB [9, 23, 24] . However, there is substantial heterogeneity in the definition of hypokalaemia between studies [9, 20] . Previously, studies have been limited by using end-of-treatment potassium as a marker of treatment-associated hypokalaemia. However, as current standard of care is to monitor and replace potassium for patients on amphotericin B treatment, this is simply an indication of the adequacy of potassium replacement. The use of maximum daily potassium requirements is a more appropriate outcome measure of amphotericin-associated tubulopathy.
Studies have investigated the role of concomitant potassium-sparing diuretics (e.g. amiloride, spironolactone) to prevent amphotericin-associated hypokalaemia, the results of which are promising [25] . To date, there is no standardized approach to potassium supplementation during amphotericin B treatment.
Hepatotoxicity due to amphotericin B treatment is idiosyncratic and may relate to a combination of genetic predisposition and direct cell membrane damage, though this is difficult to clinically differentiate from liver damage due to fungal infection or an underlying comorbidity [26] [27] [28] . Amphotericin-associated hepatotoxicity is usually mild and infrequent [20, 28, 29] . No significant difference in the rate of hepatotoxicity between conventional and liposomal formulations in both paediatric and adult studies have been reported (10-17% for c-amB, 14-18% for l-amB) [9, 12, 20] . By contrast, the patients in this study treated with l-amB were significantly more likely to experience hepatotoxicity compared with c-amB (82.8% vs. 55.6%). This effect was not seen when other hepatotoxic drugs were given concomitantly with l-amB. The interpretation of these results is limited due to the small sample size and will require further investigation in larger studies. However, a higher rate of hepatotoxicity may be explained by the fact that lipid preparations of amphotericin B result in a much higher delivery of drug to the liver and can result in liver injury at high doses, as seen in animal studies and one case-control study [27, 29] .
Among the neonatal population, c-amB remains the most commonly used antifungal agent and this is supported by international guidelines [6, 14, 15] . In this study there were no occurrences of glomerulotoxicity among infants aged under 89 days. In young infants, concomitant infusions of sodium protect against nephrotoxicity [6, 17, 30] and studies show a general trend for improved tolerance with decreasing age. This is thought to relate to faster drug clearance [31] . However, neonates have marked variability in c-amB pharmacokinetics, particularly among the very premature, and the pharmacokinetics of l-amB in neonates are unknown [6, 17, 31] . To date, there are no randomized controlled trials comparing the use of c-amB with lipid formulations in the neonatal population.
Limitations of our study include its retrospective design, heterogeneous population and some missing clinical data for intravenous line space, use of premedications, other potential causes of hepatotoxicity and LFT results. We attempted to take into account the effect of polypharmacy; however, the list of concomitant medications was not exhaustive. Most importantly, our findings are likely to be influenced by the fact that the choice of using c-amB or l-amB was determined by the treating clinician. It is possible that patients at real or perceived greater risk of adverse effects from c-amB were more likely to receive l-amB, which therefore may have led to an underestimate of the adverse effects of c-amB.
Although there is a change towards the routine use of lipid formulations of amphotericin B, c-amB continues to be used worldwide. Given the potential toxicities associated with this formulation, attention needs to be given to optimizing administration by considering infusion time, dosing and the routine use of premedications.
In conclusion, this retrospective study found no difference in the rate of infusion-related reactions, glomerulotoxicity or tubulopathy with c-amB compared with l-amB. Interestingly, our data showed a higher incidence of hepatotoxicity associated with l-amB therapy; however, this effect did not persist when other hepatotoxic medications were given concomitantly and requires further investigation. The availability of two preparations of amphotericin B raises issues of cost, access and risk of prescription and administration errors. This study suggests that c-amB can be safely used in selected patients in the paediatric population and further emphasizes the need for randomized controlled trials directly comparing these two formulations in a paediatric population.
